Environmental regulation is evolving and will require billions of dollars in investments to improve the operation of wastewater systems and to control the wet-weather pollution. The optimization of existing facilities before building new ones has been emphasized as a preferred strategy and, consequently, municipalities are learning that they can avoid costly and unnecessary capital improvement projects. Real-time control is a technology that serves to optimize the operation of wastewater systems. However, it is still not widely used, although it is gaining acceptance in the municipal engineering community. More and more municipalities are evaluating the potential of real-time control for their systems. Nevertheless, there are relatively few examples of actual real-time control applications or publications on this topic. Many issues still need to be addressed, ranging from the evaluation of real-time control to its implementation. Some of the criteria that favour the implementation of real-time control systems are presented, including safety, reliability, adaptability and flexibility, and such a presentation is complemented by case studies of operational real-time control systems illustrating these characteristics.
Introduction
The application of real-time control (RTC) to wastewater systems is not a new concept. It has been supported and promoted by the U.S. EPA since the 1970s (Stinson 2002) ; however, only a few communities have implemented real-time control, or have even considered it as a viable technology. Efforts to demystify this technology and its potential benefits to communities are being renewed. The U.S. EPA has sponsored real-time control demonstration projects and is currently involved in the preparation of a real-time control manual. Similar initiatives have been undertaken by working groups in France (Working Group on Wet Weather, ASTEE), in Germany (ATV, Real-Time Control Work Group) and internationally (International Joint Committee on Urban Drainage, IWA/IAHR, Working Group on Real-Time Control of Urban Drainage Systems). A recent publication by members of the latter work group (Schütze et al. 2004) provides an overview of the state-of-the-art of real-time control applications to wastewater systems. It describes the basic concepts and proposes a common terminology for these concepts.
In searching for publications in recent conference proceedings from the Water Environment Foundation and the International Conferences on Urban Drainage, one finds that most publications still deal with real-time control theoretical or modelling results (Adderley et al. 2002; Campisano et al. 2002; Hamon et al. 2002; Einfalt et al. 2002; Gogien et al. 2002; Maeda et al. 2002; Fuchs et al. 2002; Schütze et al. 2002; Zug et al. 2002; Salamero et al. 2002; Milnes 2002; Newman et al. 2002; Ridgway et al. 2002; Cheung et al. 2004; Joyner et al. 2003 , Rosenberg et al. 2004 ). Very few of such publications (Ku et al. 2003; Comeau et al. 2003; Pleau et al. 2001 Pleau et al. , 2002 Schütze et al. 2002; Fuchs et al. 2002) include real-time control benefits, design and implementation considerations.
In this paper, a varied experience with the successful implementation of real-time control systems in North America and Europe is synthesized, and the desirable characteristics of real-time control systems are identified, including safety, reliability, adaptability and flexibility of operation.
New environmental regulations in the United States and elsewhere put a greater emphasis on wet-weather pollution control and have led to more stringent water quality requirements. Recent experience shows that the potential costs to comply with these new regulations are substantial. Nevertheless, costs can be significantly reduced by first implementing optimization measures that are designed to maximize the use of existing infrastructure. Real-time control is a viable technology that focusses on optimized operation of the existing, as well as proposed, systems. A wide range of environmental benefits and cost savings resulting from using real-time control technology are presented.
Case studies will show some of the concepts discussed and the example of the Quebec City real-time control system will be used to show how an advanced real-time control system is capable of adapting to unpredicted situations and allowing for flexibility in the design of wet-weather pollution control facilities. It will also show the difference between the real-time control modelling results and the real operational data of the real-time control system.
Regulatory Context
Despite the emphasis on wastewater treatment in North America, the continent is still plagued with polluted rivers, lakes and estuaries. Wet-weather pollution from overflowing combined and even separate sewers has been identified as a major source of pollution (U.S. Environmental Protection Agency 2001) . To respond to this ongoing threat to public health, in 1989, the United States initiated the implementation of a National Combined Sewer Overflow (CSO) Control Strategy and later issued the Combined Sewer Overflow (CSO) Control Policy in 1994 (U.S. Environmental Protection Agency 1994). The estimated costs for the 772 CSO communities in the United States alone amount to approximately US$60 billion (U.S. Environmental Protection Agency 2001).
Moreover, policy makers have focussed on other wet-weather pollution sources lately, such as sanitary sewer overflows (SSO) and secondary bypasses at wastewater treatment plants. The latter is now being addressed in a proposed "Policy on Sewage Blending" (U.S. Environmental Protection Agency 2003) which was recently released (late 2003) in a draft policy. Concerning SSOs, no attempt has been made yet to issue a national policy, since SSOs are prohibited under the Clean Water Act (CWA) and because over 32,000 communities in the United States alone would be targeted. The financial burden of such a policy would be significant and would only add to other existing wastewater and infrastructure obligations, such as tertiary treatment requirements in some instances and infrastructure management. Hence, wet-weather pollution issues are not, and will not be, easily solved, and their mitigation can be very costly.
The evaluation of the first examples of the CSO Policy (U.S. Environmental Protection Agency 2001) forced all communities to assess and correct simple operational and maintenance problems in their collection system. It probably inspired the introduction of the Capacity Management and Operation and Maintenance (CMOM) program, which is designed to enhance the capacity, operation and the maintenance of the overall wastewater systems.
In North America, the United States has taken the lead in terms of developing new wastewater regulations. In Canada, the province of Ontario subsequently followed by issuing a new wastewater policy, referred to as Procedure F-5-5 (Ontario Ministry of the Environment, undated), which sets objectives that are very similar to those of the CSO Policy in the United States. Other Canadian provinces have either not addressed any of these wet-weather issues or have addressed them in more ad hoc targeted programs, such as in the provinces of Quebec and Alberta. In addition, the Canadian federal government is now seeking to play a more active role in the wastewater arena (P2 rulings; Environment Canada 2002) and to increase the pressure to further protect the country's receiving water bodies.
As a result of the new regulatory pressures, communities will be confronted with many new challenges to meet all water quality regulations, while maintaining affordable sewer rates. Hence, finding solutions that can suit multiple purposes, as well as avoid costly capital improvements, is the only way to serve the public interest as well as the environmental cause.
Definition of Real-Time Control
Real-time control improves the operation of flow regulation devices by way of automation. Real-time control maximizes the use of conveyance, storage and treatment capacities available in wastewater systems in order to:
• reduce overflows • save energy costs • reduce the risk of flooding • better balance flows at the wastewater treatment plant, and • improve the management of wastewater systems subject to shut-downs, maintenance, etc.
Because real-time control can enhance the use of existing systems, the need to build new facilities to meet new regulatory requirements may be reduced and this can lead to significant savings in capital improvement costs (Field et al. 2000) . This is why the newly released U.S. EPA 2004 Report to Congress on the impact and control of CSOs and SSOs recognizes the need for system optimization as the first step to reduce sewer overflows and real-time control as a prominent technology to be used to perform system optimization (U.S. Environmental Protection Agency 2004).
Real-Time Control Levels
Essentially, there are three different levels of real-time control, which are classified according to progressive increases in complexity, performance and benefits (Schütze et al. 2002) , as follows.
Local Reactive Control
A system is operated on a local reactive control level if the actuators are not operated remotely from a control room, but rather in response to process measurements that are taken directly at the actuator site. Local reactive control is the simplest form of automatic control, where a flow regulating device, such as a pumping station, a sluice gate or an inflatable dam is activated according to flow or water level measurements, either upstream or downstream of the site Comeau et al. 2003; Ridgeway et al. 2002; Ku et al. 2003) . The control loop can be entirely "mechanical," as is the case with a Brown & Brown regulator operated by a float, or it can be "electrical-mechanical," when a transmitter sends its signal directly to an actuator or a controller, which in turn, commands the actuator.
Extended Reactive Control
Extended real-time control is similar to local reactive control except that process measurements are also received from a remote site or a number of remote sites (Salamero et al. 2002) . The extended real-time control system can be built on a Supervisory Control and Data Acquisition (SCADA) system that exchanges data with numerous local stations. The SCADA system also allows the operator to send set points remotely to local controllers.
Predictive Global Optimal Control (GO RTC)
When system objectives require greater operational efficiency from interdependent flow control facilities, and/or if the actuators have to be jointly operated, global control becomes necessary (Pleau et al. 2001 (Pleau et al. , 2002 Grondin et al. 2003; Schütze et al. 2002) . In this case, data is centralized and accessible to coordinate the actions of all the actuators in the field. A decision support system helps process a large quantity of data in order to determine the "best" control strategy. The implementation of this strategy can be automatic or the regulating devices can be engaged manually by an operator. A decision support system can rely on many different kinds of algorithms, such as rule-based, expert systems, neural network systems, genetic algorithms or various forms of linear and non-linear optimization algorithms. The latter usually refer to optimization techniques. Optimization algorithms minimize an objective function (CSO volume, energy cost, actuator movements, etc.) while respecting a set of constraints (e.g., maximum water levels in sewers, maximum flow capacity, maximum retention volume, wastewater treatment plant/pump station flow capacity).
The predictive component of GO RTC refers to the estimation of flows at a future time, assisted by rainfall predictions. The decision support system may either support operator actions or automatically perform the actions. In this latter configuration, the operator should always be able to view the control actions, present and future, and to override the control system partly or completely.
It is important to understand that as the level of control increases from local control to global automatic control, all the lower levels may be present in the system. Therefore, when something fails in the hierarchy of systems, the system is designed to fall back progressively to a lesser degree of performance, and thus of efficiency.
System Characteristics Conducive to the Application of Real-Time Control
Real-time control may not be applicable or cost effective in every situation and for all wastewater systems. The added performance that can be achieved with a real-time control approach depends on the sewer network's layout and on the intended objectives.
Real-time control takes advantage of unused capacity in situations involving short periods of time. Unused capacity may be found in terms of conveyance, storage and/or treatment. Issues at stake may have an influence on the type of real-time control. In general, the more issues that need to be resolved (CSOs, flooding, operational limits, etc.), the more the control strategy needs to adjust and adapt to multiple parameters and situations. A simple linear system may perform well with a simple control approach, while in sewer networks with several interceptors or facilities, performance enhancements with simpler forms of real-time control can be significantly limited by the fact that control can only be adjusted in response to local and ongoing conditions. In this situation, notable performance enhancements may only be obtained using a global optimal and predictive real-time control approach, referred to herein as GO RTC.
GO RTC takes into account the distribution of flow in the entire system, both in current conditions and in the future. The inflow to the system can be controlled according to the available capacity in the whole system. With proper conditions being monitored, acknowledged and controlled, a GO RTC strategy can transfer flow and storage capacity between sites. This requires a continuous and strategic adjustment of control devices, as well as predictions of upcoming inflows and their spatial distribution. Finally, the ability to control flow by opening and closing gates or inflatable dams allows the temporary storage of significant volumes and their controlled conveyance to the Water Pollution Control Plant (WPCP) after the peak flow has passed.
Tools to Evaluate Real-Time Control Potential
All commercial hydrological and hydraulic software packages, such as SWMM 5.0, XP-SWMM, INFOWORKS, HYSTEM-EXTRAN and MOUSE, have incorporated some level of dynamic flow regulation devices in their modelling packages in order to simulate local or extended reactive control, with various levels of sophistication which allow the assessment of potential for real-time control. To our knowledge, only the Csoft software can simulate global optimal real-time control, as well as serve as a Decision Support System (DSS) to operate such a strategy on-line (Grondin et al. 2003) .
Csoft is a model-based decision support system specifically developed by BPR CSO to design and operate real-time control systems (Grondin et al. 2003) . A full range of real-time control strategies can be simulated, from local reactive control to predictive GO RTC, with all intermediate stages of extended control, expert systems, etc. The Csoft software consists of two main components: 1. A model-based simulation and optimization module to determine optimal flow set points for all local control stations (controlled locally or system-wide).
The model uses the following as inputs for feedback adjustments:
• water levels and flows monitored in the sewers • rain depth and rain distribution using rain gauge readings and/or rainfall evaluation and forecasts from weather radar information, and • status of flow regulators, such as pumps, gates, fabric dams, WPCP capacity, storage facilities, etc.
2. A relational database providing multiple functions to handle real-time data transfers, data storage and retrieval, data organization, data validation, calculations and extensive graphing/reporting capabilities. In Csoft, parameters are defined both globally and locally in such a way that more sensitive areas may be protected better compared to less sensitive areas.
Key Issues for the Design of Real-Time Control Systems: Safety, Reliability, Adaptability and Flexibility
Wastewater environments are harsh. Inflows are highly variable, facilities may fail and available capacities may change rapidly depending on flow and hydraulic conditions, either in the sewers themselves or at their boundaries (tide, high flows). Maintenance or construction work may also reduce the availability of the facilities. In order for real-time control systems to consistently provide acceptable outcomes in such environments, the designs must combine many qualities, such as safety, reliability, adaptability and flexibility.
Safety
Fail-safe design does not differ from good engineering practice applied to pumping stations or other flow regulating structures. Devices and redundant instrumentation and technologies to increase the reliability of a given function are complementary aspects of design. Fail-safe design may include:
• an overflow weir designed to carry the entire flow via another route whenever the sluice gate or any other flow regulating structure would obstruct the normal flow path • an emergency isolation gate to cut off flow from entering a sewer subject to frequent flooding • a hydraulic or pneumatic reservoir, or a UPS (uninterrupted power supply) or electric generator to activate a gate actuator to a safe position during power failure, and • equipment interlocks.
Equipment interlocks are normally hardware or hardwired features. They provide safety should the controller, hardware or software fail. Common interlocks are:
• Float switches: floats are installed in the interceptors at the sites controlled by a GO RTC application and upstream of the inflatable dams to detect very high levels. When high-level alarms are triggered, the controller closes the regulating gates or the dam is immediately deflated. That interlock is hardwired, i.e., independent from the controller.
• Controllers: the controllers do not need to be redundant. However, a safe fall-back position should be ensured mechanically when controllers fail. For example, a site may be designed to either fall back to interception gates closed or locked; an inflatable dam should deflate when its controller fails.
Reliability
The concept of reliability can be largely associated with the system's performance and specifically with the difference between the measured and expected performance. Therefore, one way to guarantee system reliability consists in designing and implementing a system for which the need to revert to downgraded modes of operation is the exception rather than the norm. A simple rule may be applied: the worst-case scenario consists in falling back to the situation before the introduction of real-time control. However, this situation should occur only in severely downgraded conditions. The proper selection of equipment, such as sensors, actuators, radios, gates and pumps, etc., is a good starting point. However, any electronic or mechanical device is prone to failure, especially when subjected to the harsh sewer environment. Equipment failure must therefore be recognized as a given and strategies must be devised to improve the reliability of the system where necessary.
Many strategies to increase system reliability are inter-related. The strategies taken into account by BPR CSO when designing real-time control systems are:
1. Gate/valve redundancy at strategic locations. 2. Water level sensor redundancy at strategic locations. For example, new sluice gate facilities, either for interception or retention of flows, are normally designed with at least two gates in order to provide redundancy in case of device failure. When failure occurs, the position of the faulty gate may be taken into consideration and compensated for in the computation of the set point for the remaining gate.
Inflatable dams are normally not duplicated. However, the most important function of a dam with regard to in-line retention is its deflation and that function is provided by redundant valves.
Water level metering redundancy may be used at strategic locations. Water level sensors provide valuable, sometimes critical, information for the detection of high water levels, as well as for the computation of flow rates. Coupling flow monitoring with water level monitoring can allow the use of two or three different hydraulic formulas to compute flow. Depending on the accuracy of such formulas, a hierarchy or comparison can be established to use only the validated data. Critical level transmitters requiring redundancy are typically the ones measuring the level in the regulating chambers and in the interceptors at sites controlled by real-time control, as well as upstream and downstream of inflatable dams.
Data validation.
A data validation process may be applied. It may take the form of a local statistical analysis procedure to detect data oscillations and deviations from the accepted range. The control strategy must take into account the data validation status locally.
In a centrally supervised system, the monitoring data sent to the central station may be tagged with a validation code. Centralized data validation algorithms can discard the value of a faulty transmitter or alarm the operator if discrepancies between the two transmitters are too high and too frequent. In response, the operator can put one transmitter out of service and the control will then use the value of the remaining valid transmitter. The data validation procedures can also be extended to account for the expected operating time of specific equipment. For example, the time it takes to inflate a dam may be validated and an alarm can then be triggered if that time is too long. When using a DSS, if a data point is declared invalid, the DSS may revert to other data sources and may take advantage of sensor redundancy or hydraulic model computations.
When two interceptor level transmitters fail, the system may be programmed to either close the interception gates or to position them to intercept only dry weather flow. Upstream or downstream level measurements can be used to compute flow versus gate positions. When either upstream or downstream transmitters are faulty, the system may be configured to either close the gates or open them to predetermined positions. When using a model-based decision support system, such as Csoft, if measurements are declared invalid by the validation procedure, they may be replaced in the decision-making algorithm by values obtained by a reference hydrological-hydraulic model, which is executed in parallel with a model-based DSS process. Since this model can reproduce the behaviour of a wastewater system under various hydraulic conditions, the data generated by the model may provide acceptable accuracy for use in the decision-making algorithm.
Telecommunications
A centralized system relies on a telecommunication system to relay all data and control set points back and forth between the central station and local stations. It is important to ensure the reliability of this system in order to avoid falling back to downgraded management. When telecommunication failure at a site has critical consequences, using multiple telecommunication channels and/or telecommunication paths is the most reliable means of minimizing telecommunication malfunctions. The local controller will detect the fault and will engage in a local reactive control mode. The GO RTC application will also detect the fault and will estimate the flow intercepted at that site and use it in its algorithms for the calculation of set points for the other sites that continue to operate normally.
Centralized Decision Support System
The computers on which the DSS runs may be redundant. If one computer fails, its tasks can be taken over by another computer. Also, when the system detects a major fault with the computers, the GO RTC operating mode can be automatically disengaged. The system then falls back to simple local reactive control.
In the normal operating mode, reliability is associated with the control system's ability to behave as closely as possible to optimality in the presence of uncertainties and external disturbances. To reach the level of reliability necessary to meet the required objectives, the DSS should have the qualities of a proven robust control scheme. Many tools have been incorporated into Csoft to increase the robustness of the optimization process, specifically:
• to ensure a non-null solution • to represent the dynamics of various types of flow regulators, and • to avoid set point oscillations.
Robustness may be best guaranteed by the use of a feedback loop, using field measurements of flow, volume and water levels and those predicted by the DSS model from past prediction errors, such as with a Kalman filter. When properly tuned, the filter ensures that the simulated hydraulic variables always stay on target with the measured hydraulic variables. As a consequence, the flow set points computed by the DSS will reflect the actual hydraulic behaviour of the network and keep the system's performance as close as possible to optimality. For sites having two interception gates and controlled by GO RTC, the position of a faulty gate is taken into consideration and compensated for in the computation of the set point for the other gate.
Radar Rainfall Prediction
Another element of reliability is introduced with the use of radar rainfall prediction. The radar rainfall images provide rainfall evaluations over the entire territory. It is as if there was approximately one rain gauge per square mile or per square kilometre. The radar image is calibrated globally using rainfall measurements obtained from all the rain gauges. Using radar rainfall images is more reliable because radar can still perform when one or two rain gauges fail and because the rainfall field is not always covered well by rain gauges. Another reliability factor with regard to rainfall prediction is that Csoft can take into consideration future rainfalls when computing interception set points. Csoft has proven that it can make good use of radar rainfall predictions to improve reliability.
Using any of these features is naturally a question of cost versus benefits. Nevertheless, there are minimal requirements to be included in order to reduce risks.
Adaptability to Varying Conditions
In normal operating mode, real-time control systems must provide the best achievable management performance under various rainfall durations, intensities and spatial heterogeneity. Although designed to provide good performance for CSO control, they must not increase risks for more critical situations, such as for flooding. Real-time control systems must also adapt to variable WWTP capacity. For the deployment in phases, the control system works best if it can adapt easily to sewer network modifications.
In a simple system, water level measurements may be enough to ensure sufficient adaptability to varying conditions, without jeopardizing performance. In more complex systems, a centralized model-based strategy, such as the one developed in Csoft, provides valuable characteristics and features. The computation of the flow set points is achieved by solving, using a non-linear programming algorithm, a deterministic optimization problem defined by a multi-criteria objective function and a set of physical and operational constraints. At each time step, the optimization problem is redefined using updated measurements, weather predictions and local management modes prevailing at each control station (feedback loop). Although computed over the entire control horizon, the flow set points are continuously adjusted using the latest information available.
Adaptability is also guaranteed by the implementation of a calibration algorithm for the hydrologicalhydraulic model. This algorithm permits the adjustment, at a predefined frequency, of the main calibration parameters used in the model. This calibration is performed using past measurements saved in the off-line Csoft database. Calibration also includes the updated infiltration flow associated with the model sub-catchments.
The optimization problem is rebuilt and solved for each control period, or time step (typically five minutes), according to the sewer network model defined in the Csoft database. Using such a strategy, mismatches between the optimization and the hydrological-hydraulic model are minimized. Moreover, no operator intervention is necessary other than when a change to the sewer network configuration is required in the Csoft off-line database. Adjusting the decision-making algorithm with respect to the new sewer network configuration when new facilities are put in operation does not require reprogramming, as is the case with other types of optimization strategies such as expert systems or local control systems.
Operational Flexibility. In a centralized control system, the operator should be able to take over the system at all times, whether to override the entire control system or to impose a gate opening or a flow objective at a specific local station. This is not possible in a local reactive control scheme without central remote supervision. The central station operator interacts with the control system through the human machine interface (HMI). The operator should also be able to control each site manually. A manual mode provides control flexibility and an additional level of security to the system. In general, the manual mode is used to divert flows to different collectors and interceptors for maintenance or repair purposes.
The field operator also takes control of the local station when visiting the site. The field operator can locally impose a control set point, which is reported back to the central station and taken into consideration for control events. For security purposes, field-imposed set points should not be overridden by the central station. The central control station takes this as a constraint, no longer as a variable.
Operational flexibility may also be introduced through the definition of the management objectives. It may be possible to redefine the control objectives and constraints at the central station by modifying priorities and penalty weights associated with the objective function. Also, a complete decision support system should allow operations personnel to assess, through off-line simulations, the impact of different objectives and con-straints on the overall performance of the system. If some constraints are found to be unnecessarily stringent, modifications benefiting the system's performance can easily be made. Hence, the system can be improved through on-going operational experience.
Results of Real-Time Control Performance
Improvement of the efficiency of operation of wastewater systems using real-time control has been proven in a number of locations. One involved a U.S. EPA demonstration project (Field et al. 2000) ; others were addressed in numerous studies performed by BPR CSO.
Salient results on experience with RTC are presented in Tables 1 and 2 . The communities range from a large agglomeration in Paris, with a population of 8,000,000 and a 1900-km 2 area, to a medium-sized city, Wilmington, Delaware, with a population of 70,000 and a 25-km 2 central area. Each community has different control objectives, depending on their regulations and water quality objectives.
Paris-Île-de-France
In the study of the central zone of Île-de-France, the goal was to develop a plan that could meet stringent water quality objectives in the Seine and Marne rivers when a 10-year wet-weather event occurs during a summer lowflow regime. We showed that by controlling all overflows at the 50 most important sites (out of a total of 264) for a 6-month event, the water quality objectives for a 10-year event could be reached. The reference conditions in this example represent the configuration of the wastewater system in 1995 with the addition of capital improvement projects, including a combination of best management practices, in-line retention, off-line retention (fifteen basins, four tunnels), one satellite high-rate treatment, five new wastewater treatment plants, wet weather high-rate treatment at the wastewater treatment plants and water transfers from one watershed to another. The same configuration was used with a global optimal realtime control strategy. GO RTC reduced overflows by a further 25% during large events and helped reduce the size and cost of new facilities by 30%, representing savings of $1.1 billion ( 
Louisville, Kentucky
Combined sewers service most residential, commercial and institutional districts in this city with a population of nearly 1,000,000. Seventeen million cubic metres of CSOs are discharged annually at 114 locations. Public use of the receiving waters has been prohibited because of these overflows. With a long-term control plan calling for new construction at an estimated $260 million, the Louisville and Jefferson County Metropolitan Sewer District (MSD) and one of its wet-weather pollution consultants, Omni Engineering, looked for other ways to maximize financial and physical resources while decreasing overflow discharges (Colas et al. 2003; Charron et al. 2001 ). Wilmington; results of a simple assessment.
In partnership with MSD and Omni Engineering, BPR CSO led a comprehensive assessment of the system's in-line storage capabilities. Csoft simulations indicated real-time control could reduce combined sewer overflows by 11 million cubic metres, minimize flood risks and maximize treatment plant performance, for an estimated $30 million.
In 2001, MSD chose BPR CSO to implement realtime control on the Morris Forman Wastewater Treatment Plant Collection System. The studies and initial realtime control installation took place over three years. The anticipated costs for the combined sewer overflow longterm control program should ultimately be reduced by approximately $150 million by using real-time control.
Quebec City, Quebec
The specific control objectives pursued by Quebec City are based on environmental regulations (maximum of two to four CSO events per summer season, from May to October), hydraulic conditions (no surcharge allowed in sewers) and operational considerations (maximize the use of the wastewater treatment plant's capacity and efficient emptying of storage). The results are presented for various real-time control strategies in the western section of the Quebec City wastewater system, including the situation prior to any CSO control measures, local reactive control (LRC), extended reactive control and predictive global optimal real-time control (GO RTC). This was achieved as part of a demonstration project for the U.S. EPA (Field et al. 2000; Villeneuve et al. 2000) .
Using real-time control also helped avoid capital investments amounting to $90 million in new projects for the Quebec City CSO Control Program, by reducing the number of facilities and by reducing the size of some of the facilities (Colas et al. 2003) .
Wilmington, Delaware
The City of Wilmington developed a Draft CSO Long Term Control Plan (LTCP) in 2000 with the objective of capturing 85% of the combined sewage volume in accordance with the EPA CSO Policy. Total costs were estimated at $160 million. There are 40 CSO discharge points in Wilmington.
Taking advantage of a calibrated hydraulic model developed in 2002/2003, a rapid assessment of simulation results for a 3-year continuous period showed that applying real-time control to four new control sites and to the outflow of a storage basin had the potential to increase the capture rate by 9% at a relatively low cost. This complements the CSO control program with other low-cost improvements. As a result, capturing more than 85% can now be achieved with an investment of about $40 million (City of Wilmington 2003).
Real-time control was evaluated for these communities mainly for CSO control purposes. While the overall objectives differ for each community, in most cases the positive impacts of real-time control and the savings on overall capital improvement projects are significant to say the least: savings ranging from $90 million to $1 billion or more for each community, as shown in Table 2 . It is especially appreciable for a small community like Wilmington, which potentially faces large expenditures with a relatively small population (72,000).
Nevertheless, to actually obtain these benefits, one has to translate the potential into reality. That is the true test of such a technology, which has been demonstrated first in Quebec City.
Modelling performance versus the actual operational performance. In Quebec City, the real-time control system has been in operation since 1999. There were performance tests and simulation runs performed in the summer seasons of 1999 to 2001. The results provided a good test to evaluate the gaps between real-time control simulations and operational results. These results are presented in Table 3 and can be compared with simulation results obtained during the design phase (Table 1) .
Operation in real-time control significantly reduced overall CSOs. The reduction increased from 75 to 83% (Table 3) , which is much better than the percentage obtained with a conventional design-just 45% (Table 1 ). This can be attributed to the fact that in realtime operation, rainfall events are recognized as distributed over time and space, while in the design phase, we used uniformly distributed rainfall events. One of the advantages of GO RTC consists in taking advantage of rainfall distribution to better coordinate the actions of dynamic regulation. Also, with a model-based centralized control using Csoft, or its predecessor MED, the operators can perform post-analysis with the same tools, recalibrate models to better represent reality, and change control parameters, in order to improve operation from event to event, and from year to year. Real-time control results and design results showed the same number of CSO events, because each overflow at one site counts as an overflow event. Because a storage facility could not be implemented at one of the control sites, and because the pipe surcharge was prohibited by the City, all excess peak flows at a site overflow.
The advantage of RTC flexibility: emptying the retention basins. Quebec City's long-term CSO control program (LTCP) was initiated in the late 1980s with the characterization of the combined sewer watersheds, the modelling of the main interceptors and collectors, the initiation of the real-time control system design and the conceptual design of the retention basins. The real-time control system was put on-line and has been operational since 1999 (Pleau et al. 2001) . In 2002, the detailed design of three retention basins (Phase 1) was finalized. In March 2004, the preliminary design of seven retention basins was completed (Phases 2 and 3) . Figure 1 presents a schematic showing the relationship between the seven retention basins in Phases 2 and 3 of the Quebec City LTCP. Few construction sites were available and soil contamination was a concern along the banks of the St. Charles river, which flows through Quebec City's historical quarters to the St. Lawrence River. Citizens have been asking for a significant improvement of water quality in the rivers for the past decade.
The main characteristics of the discussed wastewater collection system in Phases 2 and 3 are:
• the area is serviced mainly by combined sewers • one wastewater treatment plant ("Station Est") • two main pumping stations: "Limoilou" on the left bank, through which all wastewater transits before reaching the treatment plant, and "Saint-André" on the right bank
• seven retention basins to be sized and built: five on the left bank, two on the right bank • one existing collector for in-line retention, "Collecteur Saint-André" on the right bank • twenty local regulators to be modified, eight on the left bank, twelve on the right bank • two additional control chambers to be built on the Saint-Vallier Collector on the left bank, and • two main bottlenecks: the limited conveyance capacity of the Saint-Vallier collector and the limited pumping capacity of the Limoilou pumping station due to its downstream link to the plant. Table 4 presents a comparison of the retention basin volumes for the LTCP conceptual design of 1993, for the final design of Phase 1 done in 2002, and for the preliminary design of Phases 2 and 3 done in 2004. Only Phases 2 and 3 are illustrated in Fig. 1 . The difference of 20,000 m 3 is due to many factors, the most important one being the significant decrease (from 3.3 to 2.85 m 3 /s) in the expected pumping capacity of the Limoilou pumping station after field tests confirmed that the forcemain between the pumping station and the wastewater treatment plant could not handle more than 2.85 m 3 /s. These discrepancies between the nominal capacity and available capacity have been observed in many of our case studies. This becomes apparent only because real-time control allows the system to be operated closer to its limits.
Other significant factors include the increase in imperviousness of some watersheds and the decrease in the expected pumping capacity of the Saint-André pumping station after field tests. Nevertheless, the preliminary design of Phases 2 and 3 takes advantage of the in-line retention in the Saint-André collector, which permitted a reduction in the size of the Limoilou retention basin and the minimization of overflows to the St. Lawrence River, thereby providing both economical and environmental benefits.
The capability to transfer retention capacity from site to site is permitted largely because of the flexibility of global optimal real-time control, which enhances flow distribution and uses capacity when and where it can be found. 474 Colas et al. 
Adapting to Unexpected Situations: A Power Failure at the Treatment Plant
The adaptability and power of GO RTC proved to be very useful in responding to unexpected situations in the Quebec City application. In 1999, soon after the real-time control system was put on-line, a major power failure occurred at the WWTP with no back-up power. The loss of treatment capacity was reported automatically at the central station. The control logic prompted the real-time control system to operate the system. Sewage was accumulated in the two tunnels, without overflow, until the power was restored an hour later. Prior to the implementation of the central control system, all wastewater would have been bypassed to the river. With GO RTC, the stored sewage was released back to the treatment plant at a rate not exceeding its capacity once the power was restored. Figure 2 illustrates how the influent tunnel (IT), an in-line storage tunnel immediately upstream of the plant, was filling up from the closing of its control gate at the plant and was approaching its maximum capacity. The mobile gate controlling the Versant-Sud Tunnel (TVS), a second in-line storage tunnel located upstream on one of the three major interceptors reaching the plant, closed to avoid overflows. The gate remained closed during several time steps to decrease the flow conveyed toward the treatment plant. 476 Colas et al. Fig. 2 . In-line storage due to power failure at the treatment plant. The system reacted automatically although it was not designed to control such unexpected events. Nevertheless, it was put into operation because of the adaptability built into the central control system, using Csoft in this case.
Conclusions
As a result of new regulatory pressures, communities are confronted with many new challenges to meet water quality regulations while maintaining affordable sewer rates. Recent experience shows that the potential costs of complying with these new regulations are substantial but can be significantly reduced by first implementing optimization measures. Real-time control is a technology that provides system optimization. Because real-time control can enhance the use of current systems, the need to build new facilities may be reduced and this can lead to significant savings in capital improvement.
Although the modelling of a real-time control system is the key to evaluating potential benefits of the technology, the real test takes place during field implementation and the operation of the system. Five years of operation in Quebec City have shown that the potential benefits do translate into real benefits with unexpected bonuses. To reap these benefits, a real-time control system must be built to last and "weather all storms." Hence, the design of a real-time control system is not like a computer simulation game. It needs to include all the necessary design features to ensure safety, reliability, adaptability and flexibility.
Our experience shows that including real-time control in the early stages of the LTCP development can provide wastewater utility managers with fast-achieved economic and environmental benefits, thus giving them the political edge to pursue a pollution prevention program more aggressively.
